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AssTRAcr: Morphological development of calcite crystals is related to 
supersaturation conditions during growth. Crystallization of calcium 
carbonate (calcite and aragonite l as well as Mg-calcite was studied 
under controlled supersaturation conditions by the counter diffusion 
of Ca2+ and co,2 - ions through a porous transport medium (a column 
of silica gel). U~der our experimental conditions, where ion transport 
is constrained to be diffusion controlled, nucleation and growth take 
place under conditions of high supersaturation, the actual threshold 
value of the supersaturation depending on the supersaturation gradi-
ent. In the pure CaC03 system, calcite grows at lower supersaturation 
than aragonite. The calcite develops relatively simple rhombohedra 
while the aragonite grows as spherulites. 
Presence of Mg2+ in the interstitial fluid inhibits nucleation, increas-
ing the threshold supersaturation at which crystallization begins. The 
resulting Mg-calcite crystals show a range of morphologies depending 
on the Mg content and the supersaturation at the point of crystalli· 
zation. At high values of supersaturation, up to 15 mol % MgC03 is 
incorporated into the calcite and the crystals form spheres. At lower 
supersaturations, Mg content decreases and morphologies change pro-
gressively through a well-defined and reproducible sequence from 
spheres to dumbbell-like forms to wheat-sheaf-like bundles and even-
tually single crystals with steep rhombohedral faces. The crystals are 
compositionally zoned, showing both sector and oscillatory zoning. The 
compositional evolution is related to the supersaturation and interface 
roughness during crystal growth. 
INTRODUCTION 
Although much research on carbonate petrology has been concerned with 
the physical and chemical environmental factors that control the morphol-
ogy, mineralogy. and composition of abiotic calcium carbonates. many as-
pects of CaCO, crystallization in natural environments remain obscure. In-
vestigations have focused on the effect of certain ions. mainly Mg2 '. on 
different aspects of the crystallization of CaCO, polymorphs (e.g .. Leitmeir 
19Hl. 1915; Lippmann 1960: Kitano and Hood 1962; Bemer 1966; Bis-
choff 1968; Bischoff and Fyfe 1969: Mucci 1986). It has been pointed out 
that Mg2 ' ions in the precipitating solution inhibit CaCO, nucleation and 
affect the chemical composition and the mineralogy of the phase that crys-
tallizes. as well as development of the growth. Some authors (Folk 1974; 
Lahan 1978) have suggested that in natural environments the Mg/Ca molar 
ratio in the fluids and on the surface of the growing crystals is the main 
control on mmeral composition and the morphology of CaC01. However. 
many natural examples indicate that. under certain circumstances. Mg/Ca 
molar ratios have very little effect. and growth rate is the controlling pa-
rameter (Given and Wilkinson 1985 ). 
A number of investigations have been carried out on the inhibiting role 
of Mg2 · on the nucleation and growth of calcite (McCauley and Roy 1974: 
Reddy and Nancollas 1976: Reddy and Wang 1980: Nancollas and Sawada 
1982: Fallini et al. 1994 ). Most workers agree that the presence of mag-
nesium retards crystallization of calcite and kinetically favors the formation 
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of the metastable aragonite polymorph. Calcite inhibition results from pro-
cesses at the crystal-solution interface, mainly the poisoning of calcite sur-
faces by magnesium adsorption at active growth sites. The higher solubility 
of magnesian calcite relative to pure calcite, which leads to a decrease of 
the thermodynamic driving force for crystallization, may also be important 
The stability of natural magnesian calcites is controversial. According to 
the results of experimental precipitation studies (Bemer 1975: Mucci and 
Morse 1983). the MgC03 content of magnesian calcite grown from solu-
tions is determined by the Mg2+ /Ca2+ in the fluids, although temperature 
and growth rate may exert a certain influence (Kitano and Kanamori 1966). 
The composition of natural magnesian calcites varies within a wide range 
(a few mol % to 20 mol % MgC03). and is related to various factors like 
temperature, co,2 - concentration, growth rate, and solution saturation 
(Bathurst 1975. p. 235; Mackenzie et al. 1983; Morse and MacKenzie 1990, 
and references therein). However. most of these calcitic phases are meta-
stable. 
Natural magnesian calcite crystals grown from freshwater generally show 
a roughly equant rhombic habit, with poorly developed faces, while marine 
cements with similar contents of MgC03 can show either fibrous or equant 
fabric (Gonzalez et al. 1990). Experimentally precipitated magnesian cal-
cites show a distorted morphology, defined by irregular high-index faces 
(Reddy and Nancollas 1976). similar to freshwater magnesian calcites. The 
morphology of minerals is very sensitive to growth conditions. Both su-
persaturation and the presence of certain impurities can dramatically mod-
ify the relative development of different crystallographic faces and hence 
the final crystal habit. In order to be able to interpret the inftuence of 
external factors the different habits must be referred to a theoretical growth 
form. deduced from structural considerations. Heijnen ( 1985). by using a 
PBC (Periodic Bond Chain) analysis, concluded that the theoretici!l growth 
form of calcite corresponds to the rhombohedron bounded by ( I 014) faces. 
An identical conclusion was made by Parker et al. ( 1993) and Titiloye et 
al. (1993) by using an atomistic simulation approach. These last authors 
also found that the kinetic effects of surface-incorporated Mg2 + ions can 
lead to morphological changes in calcite. 
Two of the main reasons for the lack of understanding of most of the 
problems mentioned above are. on the one hand, the lack of geologically 
relevant nucleation and growth experiments and, on the other, the use of 
very simplified models to treat nucleation phenomena in natural environ-
ments. The most common approach to natural crystallization problems is 
based on the direct application of the "classical theory of nucleation''. 
wherein nucleation rate depends on supersaturation and the supersaturation 
is assumed to be constant. With this approach. the critical supersaturation 
for nucleation in nature is small. As a result, most phenomena are inter-
preted as if they happened near equilibrium. However, there is considerable 
evidence that crystallization in natural environments rarely ocCLJrs near 
equilibrium. Although it has been argued that the inhibiting effect of the 
presence of certain ions could significantly contribute to the maintenance 
of metastable supersaturated ftuids (Cody 1991), this argument cannot be 
used to justify all disagreements between theory and observations. An im-
portant aspect that is not commonly considered is that supersaturation in 
nature is never constant. On the contrary, it evolves with time, leading to 
the development of supersaturation gradients. This situation is not consid-
ered by the classical theory of nucleation. but it has been demonstrated that 
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Crystallization 
Fie;. I .-Schematic representation of the experimental system. Fluid reservoirs are 
separated by a column of porous silica gel along which counter diffusion of cations 
and anions takes place. 
1t markedly affects the actual supersaturation value for nucleation (Prieto 
et al. 1990: Prieto et al. 1994: Putnis et al. 1995). In an evolving system. 
the kinetics of nucleation depends on the rate at which the system moves 
from equilibrium, i.e., the supersaturation rate. Hence. the supersaturation 
threshold, defined as the supersaturation that can be reached before nucle-
ation occurs, depends on the system evolution. which is mainly determined 
by the transport properties of the crystallization medium. 
In this paper we describe the results of experiments designed to study 
the crystallization of CaCO, from a new point of view, paying special 
attention to the actual value of the supersaturation at nucleation and to the 
evolution of the system. The crystallization takes place from solution in a 
column of porous silica gel in which the cations and anions are brought 
together by rnunter diffusion from opposite ends of the column. This sys-
tem allows the diffusion of ions to be measured through the gel column as 
a function of time and the supersaturation to be calculated at the nucleation 
site. The effect of Mg2 • on CaCO, crystallization and growth is observed 
in experiments in which the factors controlling the crystallization can be 
established. Furthennore. such crystal growth experiments have been 
shown to be geologically relevant, reproducing growth ontogenies and mor-
phologies very similar to those found in natural environments (Prieto et al. 
1992) 
EXPERIMENTAL :\-IETHODS 
General Methods 
The silica gel technique has been extensively used as a method of grow-
ing crystals of sparingly soluble salts (carbonates, sulfates, etc.) from aque-
ous solutions (Henisch 1988). The silica hydrogel is a porous medium with 
a sheet-like structure that forms interconnecting cells. This structure allows 
the gel to be used as a transport medium where convection and advection 
are suppressed. Reactants are brought together by diffusion through the gel 
and. subsequently, nucleation and crystal growth occurs by chemical re-
action. 
The experimental arrangement used in this work consists in a double 
diffusion system in which reservoirs of two reagents are separated by a 
column of polymerized silica gel (Fig. 1). The gel column was 150 mm 
long and 9 mm in diameter. The gel was prepared by acidification of a 
sodium silicate (Na2Si0,) solution to desired pH (5.5) by adding HCI ( 1 N). 
Before it polymerizes to a solid gel, it is poured into a U tube. For the 
conditions established here. the silica hydrogel contains about 95.6% water 
filling the pores. The gelling process involves fonnation of NaCl as a sol-
uble by-product. 
Calcium carbonate can be prepared by a number of different chemical 
reactions. Since sodium and chlorine are already present in the interstitial 
solution, it is advantageous to have them as part of the reagents in order 
TABLE I .-Initial concentration and experimental data jar the nucleation of 
calcite 
Al Pure 
Inittal Waiting Precipitate 
Concentration Time Location Supersaturation Supersaluralion 
CA-CB <hours) (5lices) Threshold Rate [Ca'-ll[Co,-1 
IM-IN 336 !0-11 2300 12.1 IJ---0.5 
0.5M---0.5N 422 I0-11 1700 9.1 0.1-1.6 
O.JM---0.JN 504 I0-11 1000 4.4 1.0-1.1 
Bl m ppm Mg 
Initial Waiting Precipitate 
Concentration Time Location Supersaturation Super~atura11on 
CA-CB (houn) {slices) Threshold Rate [Ca2-]l[Co,-1 
IM-IN 432 !0-11 3400 14.8 1.6-1.1 
O.SM---0.lN 528 10-11 2100 8.9 0.4-1.8 
O.JM---OJN 600 10-11 1400 4.5 0.9-1.2 
CJ 1250 ppm Mg 
Initial Wa1tinE Precipita1e 
Concentration Time Location Supersaturation Super~a1urat1on 
CA-CB (hours) {slices) Thre'>hold Rate fCa'-]l[Co,-1 
IM-IN 432 10-11 .1400 14.8 1.6-1.8 
0.5M-O.l"I 600 10-11 2500 84 0.4-2.0 
OJM-0.J"I 744 llJ-11 210() ) 8 0.6-1.6 
to minimize the number of foreign ions present. In this work, the following 
reaction was used: 
Na2CO, + CaCl2 __, CaCO, + 2 NaCl 
The two source reservoirs were therefore filled with CaCl2 and Na2C03 
solutions, respectively (Table l ). Separate experiments were carried out to 
study the influence of the presence of Mg2+ in the aqueous solution on the 
nucleation and growth of CaCO" Small concentrations of magnesium (625 
and 1250 ppm) were added to the sodium silicate solution during the gel 
preparation so that the gel column had a homogeneous concentration of 
additive. All the experiments were conducted at 25°C. 
Nucleation behavior was studied by measuring the location of the first 
precipitate, the nucleation density. and the experimental waiting period (the 
time taken for the first crystallites to be observed under a magnification of 
X 500). The growth evolution of the crystals was monitored by optical 
microscopy. A month after nucleation, the crystals were recovered by dis-
solving the gel in a NaOH (1 Ml solution. Their morphology was studied 
by scanning electron microscopy. Samples representing the different mor-
phologies were hand-picked and studied by X-ray diffraction. The X-ray 
diffraction study was carried out in a Guinier powder camera using a 4 
mm fine-focus X-ray tube and a quartz monochromator for Cu K" radiation. 
Powder lines could be measured to :.'.: 0.0 l 0 2(J by using an Enraf-Nonius 
FR 508V Guinier viewer. The lattice parameters of the different samples 
were refined using between 12 and 22 reflections and a least-squares pro-
gram CELL on a VAX 2000. The Mg content of the crystals and the Mg 
distribution were studied by electron microprobe and X-ray imaging using 
the Ca Kaand Mg Ka emissions from the sample. 
Mass Transfer and Supersaturation 
Before the experiments start, the gel column has a homogeneous pH 
(5.5) and the concentration of the reagents at any point of the diffusion 
column is zero. However, diffusion of the different chemical species im-
mediately fonns gradients of pH and concentration along the gel column. 
Both the pH and concentration profiles of all ions are a function of diffusion 
time, and the values are known from previous work (Prieto et al. 1988; 
Prieto et al. 1989; Fernandez-Diaz 1989). These papers also describe details 
of the analytical methods and the experimental errors involved. This in-
formation, together with the data on the position and time of the first ap-
pearance of crystallites, allows calculation of the supersaturation of the 
interstitial solution with respect to the different phases of calcium carbonate 
at the nucleation time. 
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F1G. 2.- Scanning electron micrograph of a calcite crystal showing dendritic 
growth in the early stages of morpholo2ical development. 
The expression 
f3 = a(Ca2 ' ) a(C0 12- )!K," 
was used to estimate the supersaturation {3. where a(Ca2+) and a(C0,2 - i 
are the activities of the free ions in the solution and K,r is the thermody-
namic solubility product. The same expression can be used to determine 
the supersaturation of the system with respect to the three calcium carbon-
ate polymorphs by changing the value of the solubility product (K,r cakite 
= 10 " ·' ;; K.,p•mgorntc = 10·•22; K,f> Vittcrt1' = 10 - 7726). 
The activity coefficients of Ca2+ and CO{ - were computed by using 
the Debye-Hlickel formula. This method of calculation. requiring use of a 
suitable aqueous speciation model. ha\ been extensively explained for other 
systems in previous papers (Prieto et al. 1989, 1990). In this ca\C we have 
considered the following species: Charged species: HCO, - , CO/ - . 
NaCO , ··,Na ", CaOH ' , CaHCO, •. Ca2• , OH ·: uncharged species: H2CO,, 
NaHCO, . NaOH. CaCO,. 
EXPERIMENTAL RESULTS 
Crystallization of CaC03 in the Absence of Mg2 + Ions 
Precipitate Location and Waiting Time.-Table I A shows the results 
of calcium carbonate nucleation in the absence of Mg2 + for various con-
centrations of the mother solutions . The waiting time and location of the 
first precipitates are the most important data needed lo understand the be-
havior of crystal nucleation in diffusing-reacting systems. There is a clear 
relationship between the wailing period for nucleation and the concentra-
tion of the mother solutions, highly concentrated mother solutions resulting 
in .,hort waiting periods. 
The location of the first precipitate is also modified as a function of the 
initial concentration of the reagents. In all the experiments, crystallization 
begins in the region of the column where. at nucleation time. the [Ca2 "]/ 
[Co,i -1 ratio has a value close to one. This behavior agrees with the results 
obtained by Fernandez-Diaz ( 1989) and Prieto et al. ( 1989) for crystalli-
zation of other carbonates in gels. 
The value of supersaturation at the time and location of the first precip-
itates also depends markedly on the boundary conditions of the system and 
can vary within a very wide range. For example, in the case of mother 
solutions CaCl2 (I M)-Na2C01 (IN). the supersaturation at the nucleation 
time and location had a value of 2300, while its value was 1000 when the 
mother solutions were CaCl2 (0.3 M}-Na2CO, (0.3 NJ. Highly concentrated 
mother solutions systematically produce high supersaturation levels. Al-
F1G. 3.-Rhombohedral crystal of calcite with non-flat wavy faces. 
though the mother solutions have relatively high concentrations, the slow 
diffusivity of the ions through the porous silica gel ensures that the ion 
concentrations at the time and place of nucleation of the carbonate are very 
much lower. For example, the supersaturation value of I OOO mentioned 
above corresponds to concentrations of Ca2+ and C032- of less than 20 
millimoles/liter at nucleation, which is in the same range as the ion con-
centrations in pore waters in sedimentary basins (Warren and Smalley 
1994). 
Crystallization Sequence and Crystal Habits.-As mentioned above, 
although calcite (rhombohedral) is the stable phase of calcium carbonate 
at low temperature, it' crystallization is complicated by the possibility of 
metastable nucleation of the other two polymorphs. aragonice (orthorhom-
bic), and valerite (hexagonal). With the experimental setup we used in this 
work, the first crystals formed are always calcite. Calcite crystals initially 
appear as well faceted single crystals with rhombohedral habit. defined by 
singular ( I 0 T 41 faces. As growth progresses. ( I 0 T 4) faces develop large 
steps and crystals show signs of dendritic growth (Fig. 2). With time, these 
hopper crystals take the rhombohedral form with non-flat wavy faces, the 
center of the faces being slightly depressed. Morphologies such as shown 
in Figure 3 arise. 
The progress of crystallization produces a broadening of the region of 
the column occupied by crystals. Some time after nucleation of calcite, 
spherulites of aragonite form in the zone of the precipitation region closer 
to the reservoir of Na2C03 (Fig. 4). The spherulites are built by individual 
needle-shaped crystallites, elongated along the c axis in a radial arrange-
ment. These crystallites have orthorhombic prismatic faces {010) and 
{ 110 f, and aragonite-type twins. The size of the spherulites is variable. 
150-200 µ,m. 
Influence of Mg2 + Ions on the Crystallization of CaC03 
The presence of small concentrations of magnesium in the interstitial 
solution during calcium carbonate crystallization mainly has an inhibiting 
effect on nucleation. This effect can be studied by noting the changes in 
the observed parameters used to characterize the crystallization of calcium 
carbonate in a pure medium. In a nonhomogeneous time-dependent system 
like ours. the inhibiting effect changes the waiting time and derails of 
nucleation . These alterations can affect the regularity of the process and/ 
or introduce changes in the crystallization sequence. 
Precipitation Location and Waiting Period.-Table I B. C summarizes 
the experimental results corresponding to calcium carbonate crystallization 
in gels doped with magnesium. Comparison ofTable IB, C with Table IA 
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FIG. 4.-Scanning electron micrograph of an aragonite spherulite grown in an 
Mg-free interstitial solution. 
shows that the presence of magnesium increases the waiting period for 
nucleation. This effect becomes more obvious with increasing Mg concen-
tration. However, proportionally large increases of Mgh concentration re-
sult in relatively small increases of the waiting period. Moreover, the ef-
fectiveness of magnesium in increasing the waiting period decreases with 
the increase of the concentration of the mother solutions. 
No differences can be distinguished between the location in the column 
of the first precipitates when experiments are carried out in the absence of 
Mg2 • compared to expenments in gels doped with Mg2 '. The nucleation 
zone is constrained in all the experiments to the region of the diffusion 
column where the [Ca2+]/[C0,2-] ratio is close to one. Magnesium does 
not affect this aspect of the process. 
A consequence of the fact that the presence of magnesium increases the 
waiting time is that the supersaturation at the nucleation time and location 
will also be much higher than in a pure medium. As can be observed by 
comparing Table I A and Tables I B and C, in the presence of this ion 
supersaturation is increased by a factor of 1.5 to 2. depending on the con-
centration of magnesium. For a specific concentration of magnesium, su-
persaturation at the nucleation time depends on the concentration of the 
mother solutions. 
Crystallization Sequence and Crystal Habits.-The presence of mag-
nesium in the interstitial fluid does not modify the crystallization sequence 
of the phases. X-ray diffraction of the first crystals that precipitate confirms 
that their mineral composition corresponds to calcite. independently of the 
concentration of magnesium in the surrounding solution. Subsequently, ara-
gonite crystallizes and grows as spherulites identical to the those formed 
in pure gels. However, the time elapsed between calcite and aragonite nu-
cleation increases slightly with magnesium concentration. 
The presence of magnesium has a striking effect on the morphology of 
the calcite crystals. Calcite crystallization starts with precipitation of 
spheres with a very rough surface. These spheres are generally about 200 
µm in diameter. although some grow to as much as 300 µm (Fig. 5A). 
The progress of crystallization produces the sequential appearance of a 
wide variety of morphologies, from dumbbell-like forms to bundle or sheaf-
like crystals. within the gel (Fig. SB-F) All intermediate morphologies 
between these two extremes have been observed. Crystal sizes ranged from 
150 µm to 500 µm. Even though surfaces are in general very rough, 
somewhat defined crystal faces can be identified in late bundle-like crystals 
(Fig. SF). The sequence ends with the formation of morphologies that clear-
ly correspond to single crystals (Fig. 5G-HL These single crystals show 
very steep rhombohedral faces. probably ( 0221 } , although poorly defined. 
The tips of t~ crystals generally appear open, but they can be roughly 
closed by { I 014} rhombohedral faces. The steep rhombohedral faces show 
striations, and numerous steps that can be misoriented. 
In all the experiments with magnesium in the interstitial fluid, the mor-
phologies described above are distributed according to the same pattern 
within the precipitation region. The spheres occupy the extreme of the 
region close to the Na2C03 deposit, while the single crystals with steep 
faces occupy the extreme close to the CaCl2 source. The intermediate mor-
phologies are distributed between the two extremes (Fig. 8). 
Chemical Analysis.-Lattice parameter refinements of calcite samples 
representing the different morphologies are shown in Table 2. Sample I 
corresponds to calcite grown in absence of magnesium (Fig. 2) and Samples 
2 and 3 correspond to calcite crystals grown in gels doped with magnesium. 
Sample 2 includes crystals with the more rhombohedral-shaped morphol-
ogies such as in Figure SG and H, while Sample 3 is predominantly made 
up of the rounded grains such as in Figure SA and B. Although the three 
samples were confirmed to be calcite, there are significant differences in 
the unit-cell dimensions between the different morphologies. These differ-
ences could be due to the magnesium content in the calcite. The relation-
ship between the unit-cell parameters and the composition of magnesian 
calcite (Bischoff et al. 1983) was used to determine the mole fraction 
MgC03 in our samples. Both Samples 2 and 3 were confirmed to be low-
magnesium calcites. Although the powder lines were rather broad, sug-
gesting the possibility of Mg zoning, the approximate compositions of the 
two samples were found to be 1.5 mol % MgC03 (Sample 2) and 5 mol 
% MgC03 (Sample 3). 
Quantitative electron microprobe analysis confirmed the striking rela-
tionship between the morphology of the crystals and the magnesium con-
tent, as well as the existence of Mg zoning. The calcites progressively 
increase in average Mg content from morphologies such as shown in Figure 
5H to those shown in Figure 5A. Figure 6A shows a polished section 
through a calcite grain with morphology similar to that shown in Figure 
SF, imaged using the Ca Kn X rays emitted from the sample to reveal the 
zoning. The darker parts of the crystal are richer in Mg than the lighter 
parts, and in the crystal shown in Figure 6A the variation is from a max-
imum measured Mg content of 7.5 mol % MgC03 at the center of the 
grain, to less than I mol % MgC03 at the edges. The Mg distribution also 
shows sector zoning forming an "hour-glass" pattern. A similar distribu-
tion of Mg exists in all the grains. Morphologies such as shown in Figure 
SC show maximum Mg contents at the center of ~ 8.2 mol % MgCO" 
decreasing to about 2 mol % MgC03 at the edges. The highest Mg contents 
are in the round grains (Fig. SA). and these show the most complex zo-
nation. One example is shown in the X-ray images shown in Figure 6B 
and C. In Figure 6B the central parts of the grain have a magnesium content 
of around 15 mol % MgC03, with the edges at 3 mol % MgC03. The 
zoning is also oscillatory, a feature that can be more clearly seen when 
imaged using the contrast-enhanced image using Mg Kn X rays (Fig. 6C). 
The aragonite spherulites contain very little Mg, typically less than I mol 
% MgC03. 
The apparent discrepancy between the composition of Mg-calcites de-
duced from the lattice parameters and that directly obtained from electron 
microprobe analysis suggests that factors other than Mg content may affect 
the lattice parameters, although the chemical zoning also complicates de-
termination of lattice parameters. 
DISCUSSION 
In this discussion we focus on the principal issues raised by the results 
described above, specifically those factors relevant to nucleation and sub-
sequent crystal growth of CaC03 in the absence and in the presence of 
Mg2+ ions. 
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F1G. 5.-Scanning electron micrographs of Mg-calcites. The sequence shows the morphological evolution as a function of the average % MgC03 content and supersat-
uration. The spherical forms such as in A have the highest Mg conrent, and the rhombohedral forms have the lowest Mg content. In A-C the scale bar is 20 µ.m: in D-
H the scale bar is 100 µ.m. 
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F1G. 6.-X-ray images of polished sections of Mg-calcite. A) An Mg-calcite grain 
with morphology similar to that in Figure 5F. imaged using the Ca K,, X-ray emis-
sion, the lightest parts showing the highest Ca concentration. The dark zoning pattern 
is the distribution of Mg. B) An Mg-calcite grain similar to that in Figure 5A, 
imaged using Ca K,, X rays. A high-Mg zone in the center of the grain gives way 
during growth to a lower Mg concentration with weak oscillatory zoning. C) The 
TABLE 2.-Lattice parameter refinements of calcite crrsta/s 
Lattice Parameter \Al 
Sample Phase 
Pure Calcite 4.9895 4.9895 17.0679 
Mg-Calcite ( < 1.891- ~ 49852 4.9852 17.0.195 
Mg-Calcite (3.9 <'if< 5.7) 4.%76 4.9676 16.9842 
Cell 
Volume 
(A~, 
.167.975 
.166.J)O 
162.967 
Nucleaticn and Growth of CaC03 in the Absence of Mg2+ Ions 
Nucleation.-In porous systems, where mass transfer mainly occurs by 
ionic diffusion, high degrees of supersaturation are reached before nucle-
ation occurs, especially when the salt that crystallizes is sparingly soluble 
(Putnis et al. 1995). In the classical theory of homogeneous nucleation from 
solutions, the concept of "critical supersaturation" f3 is used to define the 
supersaturation value above which the nucleation rate 1 rapidly increases. 
Critical supersaturation marks the boundary between the metastable state 
and the labile state. Normally, critical supersaturation is defined as the 
supersaturation value that corresponds to a nucleation rate 1 equal to one 
nucleus cm- 1 s- 1 (Walton 1969). 
The concept of critical supersaturation has been developed over many 
decades by crystal growers to explain the nucleation behavior of systems 
where supersaturation is maintained constant and uniform. However, in 
diffusing-reacting systems, such as in the experimental system described 
here as well as in geological systems where mass transfer is restricted and 
is mainly diffusion controlled, critical supersaturation is a meaningless con-
cept. In these systems the pH, the concentration of all ions, and thus the 
supersaturation all change continuously at any point in space and time. The 
systems are evolutionary and inhomogeneous. The development of super-
saturation gradients has an important consequence: nucleation begins at a 
supersaturation level that depends on the boundary conditions (Prieto et al. 
1990). In the case of our experimental setup, the boundary conditions are 
the initial concentration of the mother solutions and the length of the dif-
fusion column. These two factors control the supersaturation gradients in 
the interstitial solution. 
To understand nucleation behavior in this type of system, an alternative 
concept was developed: the threshold supersaturation f3r1i· This is a dynamic 
concept of supersaturation, which is related to the evolutionary history of 
the system and has to be applied whenever supersaturation gradients exist. 
Recent work by Prieto et al. ( 1994 l and Putnis et al. ( 199 5 l has shown that 
the actual threshold supersaturation value for each experiment depends on 
the supersaturation rate R13, i.e., the rate at which the system is moving 
away from equilibrium. These authors carried out nucleation experiments 
in gels using different initial concentrations of the reactants. From mea-
surements of concentration profiles. the supersaturation profiles through the 
gel column were computed as a function of diffusion time for a range of 
starting conditions. At the position in the column where nucleation occurs, 
successive values of the supersaturation as a function of time. {3(1), were 
then determined. The supersaturation threshold value /3,1i for each experi-
ment was then obtained by interpolating the supersaturation value at the 
nucleation time and location. The supersaturation rate Rµ is the value of 
the derivative d/3/dt of {3(t), fort = tw, the waiting time. 
These calculations showed that the metastability level, i.e., the supersat-
uration threshold value, increases with supersaturation rate. An empirical 
relationship governing this dependence was found to be Rµ = K(/3,11 )'", 
where Kand m are empirical coefficients. This relationship has been ver-
ified for a number of sulfates and carbonates, and also applies when the 
same grain as in A but imaged using Mg K., X rays and contrast-enhanced to show 
the Mg oscillatory zoning at the crystal margin. The scale bar is 50 µm long. 
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F1G. 7.-A) Concentration profiles of Ca" and co,o- ions along the diffusion 
column at nucleation time (600 hr) with starting solutions of 0.3M CaC12 and 0.3N 
Na,C0 1• B) Supersaturation profile along the column at the nucleation time. 
system is driven to very high supersaturations by the presence of inhibitors 
(Putnis et al. 1995). Table 1 illustrates such behavior. For a gel column 15 
cm long, nucleation occurred at a supersaturation value of 2300 when 
CaCl2 (I M)-Na2C01 (IN) mother solutions were used. However, when 
the concentrations of the mother solutions were CaCl2 (0.3M)-Na2C03 
(0.3N) the supersaturation had a value of 1 OOO at the nucleation time and 
location. In the first case, the supersaturation rate was 12. while in the 
second case it was 4. The much smaller supersaturation rate in the second 
experiment determines that, even though the waiting period was longer, 
nucleation occurs under much lower supersaturations. Note again, however, 
that in both cases the concentrations of the reacting ions in the interstitial 
solution have geologically realistic values (Fig. 7). 
The supersaturation rate is not homogeneous for each experiment: at any 
given time it has a different value at each point of the gel column. Thus, 
it is possible to draw profiles of supersaturation rate along the diffusion 
column. This means that different levels of metastability can be reached in 
the same experiment. In all of our experiments, at any time considered, 
supersaturation increases along the diffusion column from the CaCl2 res-
ervoir to the Na2C03 reservoir (Fig. 7), and so does metastability. This 
could explain why metastable aragonite crystallizes at the edge of the pre-
cipitation region closer to the source of COl-. 
These results are in agreement with the idea that the mineral composition 
of calcium carbonate is influenced by the precipitation rate. as postulated 
by many authors (e.g., Bathurst 1975, Folk 1974). Given and Wilkinson 
(1985) and Chafetz et al. (1989) reported many natural examples where 
this influence was obvious. Some recent studies on calcium carbonate pre-
cipitation induced by the metabolic activity of bacteria (Buczynski and 
Chafetz 1991) have found a striking relationship between the medium vis-
cosity and the phase that forms: whereas calcite crystallizes in more viscous 
media, where the precipitation rate is low, aragonite forms in liquid media, 
where precipitation is rapid. The growth rate of a precipitate depends di-
rectly on supersaturation. The results obtained could also help to explain 
the observation that in natural environments the rate of supply of carbonate 
ions determines whether calcite or aragonite precipitates. higher co,2-
availability leading to aragonite crystallization and lower availability giving 
rise to calcite (Given and Wilkinson 1985). In fact, different rates of C032 
supply mean different supersaturation rates and, hence, different degrees 
of metastability. High supersaturation rates favor crystallization of meta-
stable aragonite. 
Crystal Growth,-Crystal growth takes place exclusively at the liquid-
solid interface. This interface advances by incorporation of growth units 
from the surrounding solution to the active growth sites on the crystal 
surface. The number of active growth sites on an interface is directly related 
to its degree of roughness, and so is its growth rate (Sunagawa 1987). The 
roughness of an interface can have a kinetic origin, related to the number 
of crystallizing particles per unit area arriving onto it. In this way, a direct 
relation can be established between supersaturation in the system and 
roughness of the crystalline surfaces. Under increasing supersaturation, a 
smooth interface becomes rougher (Temkin 1971 ). The evolution from 
smooth to rough interfaces under the influence of varying supersaturation 
induces changes in the growth mechanism, the transition between different 
mechanisms being marked by supersaturation transitional values (Sunaga-
wa 1981 ). At very low supersaturation levels, surfaces are smooth and the 
growth mechanism that dominates is screw-dislocation-controlled growth 
(Burton et al. 1951). Above a certain supersaturation critical value /3* in-
terfaces become rougher and crystals grow by lateral spreading of layers 
originated by two-dimensional nucleation (Kosse] 1927: Stranski 1928). 
Another supersaturation transitional value, /3**, marks the boundary be-
tween crystal growth controlled by two-dimensional nucleation and adhe-
sive growth. At very high supersaturation, interfaces become even rougher, 
and any growth unit that arrives at the crystal surface is immediately in-
corporated. In such a situation, the rate of crystal growth is controlled not 
by surface phenomena, but by the diffusion of growth units from the bulk 
solution to the crystal surface. Although each growth mechanism is char-
acterized by a different expression for growth rate, growth rate is, in all 
cases, a direct function of supersaturation (Chemov 1984 ). In the same 
way, different morphological developments are associated with each 
growth mechanism. While screw-dislocation-controlled growth gives rise 
to polyhedral crystals bounded by flat faces, crystals grown by two-dimen-
sional nucleation mechanisms develop hopper (skeletal) morphologies. 
Continuous growth leads to development of rounded morphologies. den-
drites, spherulites, and split growth phenomena. 
The morphological evolution of calcite crystals in our experiments (Figs. 
2, 3) can be related to changes in the growth mechanism. As a consequence 
of the high supersaturation level at the nucleation time, growth of calcite 
crystals during the early stages is controlled by a continuous or adhesive 
growth mechanism. This results in development of dendritic crystals (Fig. 
2). Subsequently, as a result of both the growth process and the decrease 
in supersaturation rates with increasing diffusion time, supersaturation pro-
gressively decreases. This leads to a transition to growth controlled by a 
two-dimensional nucleation mechanism. In this case crystals develop hop-
per or skeletal morphologies with flat facets. Finally, growth continues by 
filling up the skeletal crystal faces until the final polyhedral morphology is 
attained (Fig. 3). The last stages of the growth are controlled by a screw-
dislocation mechanism. 
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F1G. 8.-Schematic representation of the precipitation region. showing the distri-
bution of magnesian calcite morphologies along the column. The crystal morphol-
ogies and sizes refer to the sequence in Figure 5. The spherulites at the extreme 
right of the figure are aragonite. The corresponding supersaturation profile at the 
nucleation time is that shown in Figure 7B. Mother solutions: CaCJ, (OJM) and 
Na,CO, (OJK1. 
Results in Gels Doped with Mg2+ 
Nucleation.-Our results confirm that magnesium affects the crystalli-
zation of calcium carbonate in two ways: it modifies the nucleation kinetics 
and it disturbs crystal growth. In our experiments. inhibition of nucleation 
leads to a significant increase in waiting time and in threshold supersatu-
ration (Table 1 ). The way magnesium affects nucleation has been widely 
discussed (Lippmann 1960. 1973. 1982: Bemer 1975: Reddy and Nancollas 
1976 ). Hydrated magnesium is adsorbed onto the surface of calcite pre-
critical nuclei and poisons the active growth sites. Although a magnesium 
ion may substitute for calcium in the calcite structure with little distortion, 
the fact that the dehydration energy is about 20'.iC greater for Mg2 - than 
for Ca1 ' strongly discriminates against magnesium incorporation. As a re-
sult, calcite pre-critical nuclei cannot become supercritical and hence grow 
spontaneously. However. at very high supersaturat1ons this effect can be 
overridden. In fact. at high degrees of supersaturation, crystal surfaces be-
come atomically rough. showing a much higher average density of growth 
sites. In such a situation. a much higher concentration of trace ion is re-
4uired to poison the surface and stop growth (Chemov 1984 ). This is in 
agreement with the results shown in Table I. where it can be observed that 
the effectiveness of Mg2 - in inhibiting CaCO, nucleation decreases with 
increase in the concentration of the mother solutions and, thus. with in-
crease in the supersaturation threshold. 
Crystal Growth.-The role of magnesium ions during crystal growth is 
complex. As mentioned above. magnesian calcite crystals grown in doped 
gels show unusual morphologies. Crystals are bounded by rough surfaces 
and have rounded forms. The whole sequence (Fig. 5 A-H) from spheres 
built by misoriented crystal blocks to slightly elongated single crystals can 
be observed along the length of the column within the precipitation region 
(Fig. 8). By comparing the distribution of crystal morphologies with the 
supersaturation profile in Figure 7 it is clear that there is a direct relation-
ship between supersaturation. morphology, and Mg content. The factors to 
be taken into account to explain the development of these morphologies 
are ( 1 ) characteristics of the interaction between magnesium ions and the 
calcite surface, and ( 2) supersaturation level during growth. 
The presence of Mg2 • in the interstitial solution has the immediate con-
sequence that the system reaches a very high supersaturation level before 
nucleation occurs. As a result, magnesian calcite crystals will grow in a 
very supersaturated medium. at least during the first stages of the growth 
process, and will show very rough surfaces. The morphological sequence 
observed in magnesian calcite crystals (from spheres to crystals with sin-
gular faces) is a consequence of very high supersaturation at the beginning 
of crystallization, and progressive decrease of supersaturation as crystal 
growth proceeds. However, the supersaturation rate was large enough to 
maintain the system within the range of supersaturations where crystals 
grow by a continuous mechanism. The whole morphological sequence cor-
responds to a continuous growth mechanism. Both Mg2+ adsorption and 
high supersaturation levels favor accumulation of defects during growth 
and, as a result, crystals are made up of misoriented blocks. 
Similar morphological developments were found by Buczynski and 
Chafetz (1991) in bacterially induced CaC03 precipitates. They ascribed 
these morphologies to the influence of metabolic activity of bacteria. Chaf-
etz (1986) also proposed a bacterial origin for marine peloids and consid-
ered that the common pelleted texture of mudstones should also be attrib-
uted to bacterial activity. However, spherical morphologies in calcium car-
bonate can have diverse origins, and those interpretations should be recon-
sidered in the light of our results, especially where the phase that forms is 
magnesian calcite and crystallization occurs in fine-grained porous media. 
McCauley and Roy (1974) found that aragonite spherulites grown in a 
gel doped with magnesium have an Mg-rich core. On these grounds they 
proposed the existence of an Mg-rich phase epitaxially controlling the 
growth of aragonite. This is in contrast with our results, where aragonite 
crystals always contain less than I mol % MgC01. 
Chemical Composition and Morphology .-To understand the striking 
relationship between the MgC01 content of magnesian calcite crystals and 
the morphology that they develop, we need to discuss briefly the factors 
that control incorporation of trace ions onto the surfaces of growing crys-
tals. 
Incorporation of trace ions into a crystal structure during growth is con-
trolled by statistical selection. The continuous acts of attachment and de-
tachment of particles (of both the principal component and of the trace ion) 
onto different sites at the crystal-solution interface during growth define 
the chemical composition on the crystal surface. According to the micro-
scopic theory of trace-element trapping (Chemov 1984), the distribution 
coefficient of a trace element between the crystal and the solution has 
different values for different ranges of the growth rate. Changes in degree 
of supersaturation induce changes in growth rate and hence result in tran-
sitions between different distribution coefficients. Such behavior has been 
experimentally confirmed by a number of crystal growth experiments 
(Chemov 1984). Furthermore, there is experimental evidence that the dis-
tribution coefficient for trace elements that are adsorbed onto the crystal 
surface more weakly than the crystallizing macrocomponent, increases with 
the degree of supersaturation (Chemov 1970). Similarly, the experimental 
results obtained by Sawada et al. ( 1990) point to an increase in the distri-
bution coefficient of Mg2+ for calcite when precipitation rate is very high. 
Many sedimentary petrologists have also suggested such an influence. Ber-
ner (1978) and Lahan and Sieben (1982) considered that the magnesium 
content in calcite is controlled by kinetically mediated coefficients that 
depend on rates of crystal growth. Lorens ( 1981) suggested that partitioning 
of trace and minor elements between aqueous solution and calcite can be 
influenced by growth rate. Reeder and Paquette ( 1989) have invoked this 
influence as one of the factors that can produce sector zoning. 
The relationship found between the morphology of the magnesian calcite 
crystals (or the crystal aggregates) and their composition agrees with the 
behavior described above. The most complex forms correspond to the high-
est concentration of MgC03 in the crystal structure. Furthermore, these 
morphologies correspond to the earliest stages of crystallization. i.e., they 
develop under the highest supersaturation levels. Later, supersaturation de-
creases as a consequence of growth, and simpler morphologies, with a 
smaller magnesium content, appear. The distribution of magnesian calcite 
morphologies within the gel column also agrees with the supersaturation 
profile. As mentioned above, supersaturation increases towards the COl-
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reservoir, and the crystals with the highest content of magnesium occupy 
the zone of the precipitation region where supersaturation is highest (Figs. 
7, 8). 
The fact that magnesian calcite crystals show compositional zoning. 
which in some cases can be sectorial or oscillatory (Fig. 6), can also be 
explained by non-equilibrium statistical selection of the surface composi-
tion. The concentration of a trace ion adsorbed on a crystal surface is 
determined by the atomic configuration of that surface; in other words, it 
is connected to its degree of roughness. Because interface roughness is 
orientation dependent (Sunagawa 1987), the concentration of trace ions 
incorporated by different faces may be different. This leads to the devel-
opment of compositional sector zoning. Similarly, coupling between rate 
of growth and rate of supply of nutrients induces periodic changes in degree 
of supersaturation and thus in surface roughness. This leads to a self-or-
ganizational feedback responsible for the development of oscillatory zoning 
of Mg2 - in magnesian calcite. Such a mechanism is similar to that proposed 
by Wang and Merino (1992) for oscillatory zoning of trace elements in 
calcite and by Putnis et al. ( 1992) for oscillatory zoning of major elements 
in the (Ba, Sr)S04 solid solution. 
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